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Abstract—Nanophosphor ������:Ce (n-YSO), �������:Ce
(n-LSO), and �������:Ce (n-GSO) were prepared by solu-
tion-combustion synthesis yielding nanophosphor crystallite sizes
between 20 nm – 80 nm. Ce dopant concentrations were varied be-
tween 0.1%-10% for each the nanophosphors and concentration
quenching curves were measured by radioluminescence (RL) and
photoluminescence (PL). n-YSO exhibits concentration quenching
at 1 at% and 4 at% under uv and x-ray excitation, respectively.
Red shifted emission with a larger Stokes shift is observed for
nanophosphors as compared to bulk crystals. The measured PL
lifetime depended on the refractive index of the media, indicating
that the PL originates from the surface. Measurements of the
RL/PL intensity indicate that the light output of these materials is
comparable to the bulk crystal.

Index Terms—Concentration quenching, fluorescence lifetime,
luminescence, nanophosphor, oxyorthosilicates.

I. INTRODUCTION

NANOMATERIALS are important because they exhibit
novel electrical, optical and magnetic properties that are

absent in their bulk counterparts and, therefore, offer new op-
portunities for device and application development. As physical
size is reduced to the nanoscale regime ( ),
quantum effects, surface properties and interfacial interac-
tions become dominant and the fundamental mechanisms that
usually describe the “infinite solid” must be modified. The
new “quantum-confined” behavior has led to a plethora of
new nanoscale functional materials—porous silicon, carbon
nanotubes, quantum dots/wires/wells—that offer myriad op-
portunities for technological advances, which will affect almost
every aspect of life in the twenty-first century [1], [2].

Broad-based nanoscience research in photonics, magnetics,
sensors, synthesis, and instrumentation is currently being
aggressively pursued and exciting new results are rapidly
emerging [3]. A particularly fruitful nanoscience research
field is nanophotonics, an area that deals with fundamental
processes of radiation-matter interaction on a scale that is
much smaller than the wavelength of radiation [4]. Current
nanophotonics research is primarily focused on exploitation
of quantum confinement (QC) effects in semiconductors with
attendant applications. Our work fits within a relatively new
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subfield—“nanophosphors”—-which focuses on rare-earth
doped insulators rather than semiconductors.

Rare-earth ions are excellent dopant probes as their energy
levels typically reside within the band gap of insulators, and the
highly localized electrons are confined to dimensions much
less than 1 nm, thus excluding QC effects. However, reduced di-
mensionality at nanometer scale is expected to confine phonons,
which in turn may affect radiative vs. nonradiative relaxation
rates [5].

In this paper, we summarize some initial findings regarding
the optical behavior of a particular class of nanophosphors, the
cerium-doped oxyorthosilicates :Ce ( , Gd, Lu)
and compare their properties to single crystals. These materials
are of particular interest for the detection of ionizing radiation
as they are fast, bright and dense scintillators [6].

II. EXPERIMENTAL

Solution combustion synthesis (SCS) of both simple and
complex oxide nanoparticles is well known [7], [8]. However,
there are relatively few reports of SCS of silicates [9], and
particularly oxyorthosilicates [10]. Nanophosphor powders
were produced by the hexamine-nitrate solution combustion
technique [11]. The stoichiometric combustion reaction is given
by:

(1)

Three grams of ( ) were dissolved in an ex-
cess of nitric acid (Baker, Huey , 65 wt%). Upon dis-
solution to a clear liquid, was added; the
dopant range was 0.1–10% for these studies. Stoichiometric
fumed silica (Cab-O-Sil, 99.8% purity) was then mixed with the
solution and hexamine (Baker, reagent grade) was
added and the resultant mixture dried in a vacuum oven for 16
hrs. at 115 . After drying, the powder was compacted into an
unglazed alumina crucible and combusted in a muffle furnace
preheated at 650 . It was found that a 25% excess of fuel opti-
mized the combustion, presumably to provide a longer burn for
the solid-state reaction with the amorphous silica nanoparticles.
The resulting ceramic foam was ground with a mortar and pestle
and post-annealed at to 1000 for 1 hr. to remove fuel and ni-
trate residues. However, it should be pointed out that the mate-
rial was luminescent, though inhomogeneous, directly after the
combustion process, and that x-ray diffraction (XRD) analysis
showed no evidence of crystal growth due to annealing. For sub-
sequent analysis, the nanopowders were uniaxially cold-pressed
into 1 cm dia. by 2 mm pellets.
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The structural characteristics of the nanopowders were
investigated by - powder XRD and transmission electron
microscopy (TEM). These measurements yielded the average
crystallite size, size distribution, and crystallographic phase.
TEM sample preparation consisted of evaporating a dilute
suspension of nanoparticles directly onto a carbon-coated TEM
grid. Photoluminescence excitation (PLE) and emission (PL)
measurements were obtained in ambient conditions using a
Photon Technology International TimeMaster™ fluorimeter.
Radioluminescence (RL) spectral measurements were carried
out under ambient conditions and have been described in detail
elsewhere[twelve]

III. RESULTS AND DISCUSSION

XRD analysis of oxyorthosilicates produced by SCS indi-
cated that these materials crystallize with monoclinic
structure, that corresponds to 7 and 9 oxygen coordinated Ln
[13]. This is the same structure observed for bulk :Ce
(GSO) [14], but different than the C2/c (6 and 7 oxygen coor-
dinated) observed in bulk :Ce (YSO) and :Ce
(LSO). While this is consistent with the lower processing tem-
perature of the SCS process ( ) as compared to CZ
crystal growth ( ), additional process parameters such
as the combustion temporal profile and concentration pro-
file probably also play a role since nanocrystalline thin films
of LSO:Ce, grown under equilibrium conditions of low tem-
perature and low oxygen partial pressure exhibited C2/c crystal
structure [15]. The Debye-Scherrer analysis [16] yielded an av-
erage crystallite size of ca. 30 nm.

Nanophosphor oxyorthosilicate microstructure was further
revealed through TEM. Fig. 1 is a TEM micrograph showing
a typical grain of GSO. While the average crystallite size is
consistent with the Debye-Scherrer analysis, TEM analysis
revealed a broad size distribution, with dimensions typically
ranging from 20 to 80 nm. The crystallites show no evidence
of an amorphous core, indicating complete reaction. On the
other hand, they have many dislocations and stacking faults,
which is not unexpected for combustion produced materials
[17]. A recent work using electron energy loss spectroscopy
(EELS) in conjunction with STEM on :Tb nanophosphor
confirms that the dopant is homogenously distributed within
the nanophosphor [18].

PL and PLE spectra of bulk and nanostructured (n-) YSO
have been previously reported [13]. The nanophosphor PL spec-
trum exhibited a well-defined maximum at 431 nm (

) and is red shifted relative to the bulk spectrum. The
broad spectrum of the bulk sample consists of peaks at 395 and
420 nm ( ), which are attributed to the well-known
emission from the spin-orbit split ground state of the
electron manifold [19]. The bulk PLE spectrum of bulk YSO is
characterized by excitation bands at 356, 310 and 265 nm,
which are associated with the crystal-field split elec-
tronic levels. The n-YSO spectrum exhibited only the main ex-
citation peak (366 nm) of the ion that was red shifted rel-
ative to the bulk peak.

An important question relates to the origin of the PL and PLE
peak shifts being due to reduced dimensionality or simply due to

Fig. 1. High resolution transmission electron micrograph of a GSO crystallite
produced by solution combustion synthesis.

Fig. 2. PLE and PL spectra of bulk and n-GSO.

the change in crystal symmetry between the bulk and nanophos-
phor. Fortunately, bulk and n-GSO have the same structure.
PLE/PL results for both are presented in Fig. 2. Note that PL
and PLE data have been normalized for presentation purposes
and thus absolute intensities cannot be compared. Similarly to
n-YSO, red shifts are also observed in the PLE/PL in n-GSO.
However, a much smaller red shift is observed in the PL of the
n-GSO, 5 nm as compared to 20 nm for n-YSO [13]. The n-GSO
PL red shift corresponds to a broadening of the emission peak
to the red, which may be indicative of a greater contribution of
emission from perturbed Ce sites in the nanophosphor as com-
pared to the single crystal. This assertion is further supported by
EPR of n-YSO:Ce and n-LSO:Ce, which show broader
resonances, indicative of greater disorder in the nanophosphor.
[20] We conclude that the PL and PLE of n-YSO with particle
sizes 20–80 nm are primarily determined by the activator ion
symmetry, though with smaller contribution due to reduced di-
mensionality.

Reduced dimensionality effects are more clearly manifested
in the optical lifetime measurements of n-YSO. Ambient optical
excitation at the main PLE bands of bulk and n-YSO powder
yields fitted values of 39 and 55 ns, respectively. A method
for measuring lifetime of powder specimens is to suspend the
particles in a chemically inert solvent and magnetically stir them
during optical excitation. In conducting these experiments we
found that the nanophosphor lifetime was dependent upon the
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Fig. 3. Optical lifetime of n-YSO as a function of the embedding media.

medium in which it was immersed whereas the bulk YSO was
independent of the medium. Similar effects observed in semi-
conducting QD’s and nanowires have been attributed to dielec-
tric confinement, which is inversely related to the crystallite size
[21] Nanophosphor YSO lifetimes were measured in air (index
of refraction ), ethanol ( ), methanol ( ),
de-ionized water ( ), dimethylformamide ( )
and epoxy ( ), and yielded fitted lifetimes 55.0, 44.0,
43.2, 43.5, 40.0 and 35.0 ns, respectively. All solvents showed
negligible PL in the uv-vis region and an overall decrease in PL
emission intensity with refractive index was observed for these
samples. Typical error bar on these measurements is . The
results are plotted in Fig. 3.

emission is dominated by parity-allowed electric dipole
transitions, with negligible nonradiative de-excitation by mul-
tiphonon relaxation. For a one-electron system the inverse ra-
diative lifetime for transitions between initial and final states is
given by [22]:

(2)

with emission wavelength and oscillator strength . The first
fraction in (2) is a correction to the local electric field seen by
the Ce ion, which differs from the macroscopic electric field.
The dielectric penetration has been estimated for nanoscale in-
sulators and is reported to be between 30 nm [23], up to the
emission wavelength [24]. For micron-size YSO the dielectric
interaction between Ce ions and medium is negligible and
is simply the refractive index of the host lattice, viz. 1.82. In
contrast, n-YSO:Ce will have a significant fraction of the Ce
ions that can experience a local electric field induced by the sur-
rounding medium. Therefore, the index of refraction to be used
in (2) is not the value of YSO but to a first approximation taken
as the value of the surrounding medium. Moreover, because
is constant, we can extract from the experimentally deter-
mined lifetimes; the value is 0.013, which is in good agreement
with reported values for Ce oscillator strengths [25]. A more ac-
curate analysis, accounting for the host dielectric medium [24]
has been performed which yielded a higher value of the oscil-
lator strength [26].

It is well known that the optimum doping level in a phos-
phor depends on the rare-earth and host type. For nanophos-
phors, changes in the PL concentration quenching behavior has

Fig. 4. Quenching curve for n-YSO:Ce measured under photoluminescence
and radioluminescence excitation.

been reported for YSO:Eu [27], :Eu [28] and :Tb
[29], where the general trend is that the peak in the nanophos-
phor quenching curve is shifted to higher concentrations with re-
spect to the bulk materials. Less apparent is the observation that
such behavior depends on the method of excitation, as shown
in Fig. 4. The spectral band emission of the PL and RL were
identical, although the exact peak position (red shifts) were sys-
tematically greater for the RL spectra. The PL peak concentra-
tion occurs around 1%, whereas the peak concentration inferred
from RL excitation is significantly greater at 4%. In CZ grown
oxyorthosilicates, the maximum Ce concentration is limited by
the low segregation coefficient [30] to about 0.05%. Additional
excitation dependent behavior is also associated with the mea-
sured light output of n-YSO as previously reported [13]. Under
uv excitation the bulk and n-YSO:Ce intensities are the same.
however, the mass normalized nanophosphor integrated light
output is about three times greater than bulk powder, when ex-
cited by x-rays. As discussed previously [13], caution must be
exercised when interpreting this result because 1) the nano and
bulk material exhibit different crystal structures, 2) the Ce con-
centration is different for the nano and bulk material, 3) a larger
Stokes shift in the nanophosphor, will reduce the self absorption
and 4) variations in optical scattering due to different particle
size, when measured by a fixed solid-angle detector, will effect
the nano and bulk powder differently.

For scintillator applications, many more requirements
must be met to successfully utilize nanophosphor powder.
A nanocomposite will generally be required, especially for
noncubic materials, such as :Ce and :Ce. The
crystallites must be less than 20 nm [31] and well dispersed, the
matrix material must not quench the inorganic nanophosphor
and conversely, the nanophosphor must not quench the matrix
material, if it is a scintillator. In subsequent work, we will
report on our preliminary efforts to fabricate and characterize
nanocomposite scintillators that fulfill these requirements.

IV. CONCLUSIONS

Based on the results briefly presented in this paper, we can
conclude that nanophosphor optical properties are mostly de-
termined by the local symmetry of the dopant ion, and that they
depend on the on method of excitation (PL,RL). PL and PLE
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present red shift and greater Stokes shift in relation to bulk mate-
rials. The nanophosphor lifetime dependence on solvent refrac-
tive index implies that the PL emission is effected by the local
electric field which penetrates throughout the nanoparticle. The
observation that nanophosphor brightness is nominally equiv-
alent to bulk materials is of great importance to technological
applications.
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